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In the first paper of this series  (Eggerth (1923-24))  it  was  shown 
that washed suspensions of Bacterium coli, when suspended in buffer 
mixtures commonly used for acid agglutination, underwerLt progres- 
sive changes, both in their potential and their stability.  These changes 
were shown to be due to two factors: the extraction from the bacteria 
of a soluble protein which, by again combining with them, depressed 
their negative charge; and a  further irreversible change of the cell 
or its membrane which also diminished the negative charge.  In the 
experiments here described, a similar study was made of the changes 
in the potential of washed erythrocytes  of the rabbit, sheep, and man. 
The  erythrocytes were  always  obtained from fresh,  defibrinated 
blood; all experiments were completed on the same day that the blood 
was drawn.  The cells were washed four times from a large volume of 
0.85 per cent NaC1 solution.  In some experiments, they were washed 
further with 9 per cent saccharose solution.  A 25 per cent suspension 
of the packed erythrocytes was then made in salt or saccharose solu- 
tion, and one or two drops of this heavy suspension were added to 
50 cc. of the solution in which they were cataphoresed.  If the pH is 
more acid than 5.4, it is necessary to greatly dilute the erythrocyte 
suspension with 9 per cent saccharose solution before bringing to the 
required pH,  otherwise dumping will occur.  Concentrated red cell 
suspensions,  dropped  into  acid  solutions of low  salt  concentration, 
agglutinate immediately  into sticky masses that cannot be broken up 
satisfactorily; by  proper  dilution  of  the  suspension  before mixing 
with the acid solutions, the erythrocytes remain unagglutinated for a 
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long time, no matter what  the pH  or the salt concentration.  This 
indicates that the distance between the cells in the suspension is an 
important factor in determining their stability. 
Many of  the  experiments were conducted with  the  erythrocytes 
in buffer mixtures.  Phosphate mixtures were used for the range from 
pH 5.8 to 8.0; for the more acid ranges, the phthalate buffers of Clark 
and Lubs  (1917)  were used.  The phthalate solutions were selected 
because they were found to be less hemolytic in the acid ranges than 
the  acetate  or  lactate  solutions  used  in  the  previous  study.  The 
anion in the phthalat'e buffer series is monovalent at the acid end, and 
divalent at the alkaline end of the series; hence the ion effect of the 
salt is not uniform at different H ion concentrations.  However, when 
only the changes in We potential of the erythrocytes at a  given pH 
are studied, this does not cause error. 
Tke phosphate and pht  halate solutions were made up according to 
Clark and Lubs (19!7), except that KOH instead of NaOH was used, 
so as  to have only one cation present.  In order to have a  uniform 
equivalent salt concentration (which the specifications of Clark and 
Lubs would not attain) the required amounts of 0.2 N alkali were added 
to the 0.2  N acid salts; this gives in each case a solution which is 0.2 
N with respect to both the primary and the secondary salts present. 
For use, the 0.2  N buffers were diluted to the required concentration 
with 9 per cent saccharose solution. 
Cataphoresis  was  done  by  the  microscopic method,  using  a  cell 
similar to  the one described by Northrop  (1921-22).  The depth of 
the  cell was  1 ram.,  and  the fall in potential  of  the  current was  5 
volts per  cm.  In  cataphoresing erythrocytes by  this method,  it  is 
necessary to make measurements at different levels of the entire cell 
depth.  In  these  experiments,  the  velocity was  determined at  the 
middle of each sixth of the cell depth.  On filling a clean cataphoresis 
cell with a suspension of electronegative erythrocytes, one frequently 
finds that their rate of movement is distinctly slower in the upper than 
in the lower half of the cell.  (See Column 1, Table I.)  After a short 
period of use, especially in the more acid reactions, the rate of move- 
ment towards the anode becomes more rapid along the top (Columns 
2,  3,  and 4,  Table I); in fact, at certain reactions, the most rapidly 
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layers.  A  concrete example of this phenomenon is shown in Table I 
which gives the observed times in seconds required for the erythrocytes 
to travel  100 micra,  at the middle of each sixth of the cell depth. 
In the first experiment shown in Table I  the bottom of the cell was 
already covered with  a  film of erythrocytes, while the  top was still 
dean  glass.  The  potential  difference  between  the  clean  glass  top 
and the fluid was relatively large, and caused a considerable streaming 
to the cathode, this in turn slowing the movement of the red ceils to 
the  anode.  The  potential  difference  between  the  erythrocyte  film 
on the bottom,  and  the fluid, wa% smaller in magnitude,  though  the 
TABLE I. 
The  Velocity  of  Human  Erythrocytes  at  Different  Depths  of  the 
Microcataphoresis Cell. 
Cell depth,  pH 5.6  pH 4.8  pH 4.0  pH 3.2 
(I)  (2)  (3)  (4) 
se.~. 
• --  14.0 
--  9.9 
--  8.0 
--  7.1 
--  8.0 
--  9.8 
$~:. 
--  12.0 
--10.9 
--10.6 
--10.2 
--10.3 
--10.7 
SgG. 
--15.5 
--17.5 
-23.4 
--27.0 
-25.2 
--22.0 
SSt:. 
--  24.6 
--100.0 
+60.0 
+37.0 
+45.0 
+70.0 
Cataphoresis  was  done  in  0.01 ~  phthalate  buffersb'~contaiuiug 9 per  cent 
saccharose.  Observations  were made  in  the  order  given;~the  total  time in 
which they were made was  22  minutes.  The  negative  sign indicates  move- 
ment  towards  the anode; the positive, movement towards the cathode. 
same in sign,  causing a  lesser movement of the fluid to the cathode. 
At pH 4.0  and  3.2  the potential  of the film of erythrocytes on  the 
bottom is obviously near zero  (as the velocity in the sixth or lowest 
depth is nearly  that  of the average velocity for all depths,  showing 
absence of movement of the fluid).  This is to be expected, as human 
erythrocytes in 0.01 N phthalate  are isoelectric at about pH 3.5; and 
Northrop  (.1921-22)  showed  that  a  cell  wall  coated  with  bacteria 
reverses its charge under the same conditions as does the suspension. 
At these reactions (Columns 3 and 4, Table I), the migration of fluid 
along the top wall of the cell is toward the anode; it follows that the 
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and  3.2.  On  dimming  the  illumination, the top of  the cell is seen 
to  be  plastered with  pale shadow forms, the stroma of  hemolyzed 
erythrocytes.  To  these we must ascribe the electrical properties of 
the top wall of the cell. 
When 0.01  N phthalate buffers were used,  the  observed velocity 
of human, sheep, and rabbit  erythrocytes in the upper sixth  of the 
cataphoresis cell, was equal to  the average velocity of all depths at 
about pH 4.6.  This means that the film of stroma was isopotential 
with the fluid at that pH, whereas intact red cells in this 0.01 N buffer 
series were isopotential  at  pH  3~ (human) ; sheep cells were isopo- 
tentlal at pH 3.2, and rabbit cells at pH 4.0.  In the presence of salts 
having monovalent ions, the stroma film was found to be isopotential 
at pH 4.7,  as were also the intact erythrocytes of all three species. 
Daily  thorough  cleaning  of  the  cataphoresis  cell  is  desirable. 
Rinsing with  5  per  cent acetic  acid cleans very well;  alkali is  not 
desirable,  as it softens the de Khotinsky cement commonly used in 
constructing  the  apparatus.  A  piece  of  insulated  copper  wire  is 
excellent for mechanical cleansing. 
In  Fig.  1  is  shown  the  change in  rate  of  movement of  human 
erythrocytes kept in 0.01  N phthalate and phosphate buffer solutions 
made up  in  9  per  cent saccharose solution.  The  temperature was 
room temperature, usually about 18°C.  The rates of movement are 
given as micra per second with a  fall in potential of 1 volt per cm. 
Following the suggestion of Winslow, Falk, and Caulfield (1923-24), 
no attempt was made at actual calculation of the potential difference 
between cells  and fluid;  the high  concentration of saccharose must 
seriously affect several of the factors in the Helmholtz-Lamb equation. 
It may safely be assumed that the potential of the erythrocyte varies 
as its rate of movement. 
Fig. 1 shows that when human red blood cells are added to solutions 
at pH 5.2 or more acid, they become progressively less electronegative 
(or more electropositive).  This  change,  though slow  at pH  5.2,  is 
more rapid in the more acid solutions, and is usually nearly complete 
in  2  hours.  At pH  3.2  and 3.6,  hemolysis of all  the cells usually 
occurred at  the end of that  time.  Some hemolysis likewise occurs 
at pH 4.0,  though many cells still remain.  At pH 4.4, hemolysis is 
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It will be observed that there is a slight diminution in the velocity 
of  the  erythrocytes at  pH  5.6  and  6.6.  This  slight  diminution 
also  occurs  at  all  reactions up  to pH 9.2.  It occurs whenever cells 
remain for some time in a solution of low salt concentration;  eryth- 
rocytes  that  have  been  washed in  saccharose  solution,  or  have 
stood for some time in saccharose solution free from salt,  quite regu- 
larly have  a  lower charge when placed in buffer solutions than those 
taken out of 0.85 per cent NaC1. 
Changes in potential,  similar to  those shown in Fig.  1,  were also 
observed  when  sheep  erythrocytes were  studied.  Rabbit  erythro- 
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FIG.  I. Changes  in  the  velocity  of  human erythrocytes  in  0.01  N phthalate  and 
phosphate buffer  mixtures. Temperature 18°C. 
cytes, on the contrary,  show very little  change in rate of movement 
when  treated in this  way;  the curves are nearly flat.  The  entire 
reason for this  difference between  the behavior  of rabbit red cells 
and the other two species studied, will  require further experiments to 
clear up; though it seems in part accounted for  by the fact that the 
rabbit erythrocytes are unusually resistant  to the hemolytic  action 
of the acid buffer mixtures used. 
In determining the cause of the change in potential of Bacterium coli 
when this organism was incubated at reactions near pH 3.0,  it was 
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protein,  when  added  to  a  suspension  of  fresh  bacteria,  markedly 
reduced their  charge.  This  suggests  that  the  hemoglobin derived 
from those cells that have been hemolyzed, might be a  cause of the 
changes in potential of the erythrocytes, as shown in Fig. 1.  Experi- 
ment verified this supposition. 
In the experiment shown in Fig. 2 human erythrocytes were hemo- 
lyzed with distilled water, and the stroma removed by centrifugation. 
The hemoglobin was considered as being 32 per cent of the weight of 
the packed erythrocytes.  Various dilutions of hemoglobin solution 
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FIG. 2. The effect  of hemoglobin  on the velocity of human erythrocytes in 0.01 
phthalate and phosphate buffer mixtures. 
were  added  to  freshly prepared human erythrocyte  suspensions in 
0.01  N  phosphate  and  phthalate  buffers,  and  cataphoresed  im- 
mediately. 
The  results given in  Fig.  2  show  that  even in  extreme dilution, 
hemoglobin has a great effect on the charge of erythrocytes.  At pH 
3.2, one part of hemoglobin in one million of solution, increases the 
positive charge  threefold.  At pH 4.0,  this concentration of hemo- 
globin causes a small but definite diminution of the negative charge. 
At reactions nearer the isoelectric point of the hemoglobin (pH 6.8), 
increasing concentrations are necessary to bring about any alteration ARNOI,D  If.  EGGERTH  593 
in  the  mobility  of  the  erythrocytes.  At  pH  7.0,  no  hemoglobin 
effects were observed at all. 
On comparing Figs. 1 and 2, it will be seen that hemolysis of some 
of the erythrocytes, which takes place in the more acid solutions, fully 
explains the alteration in charge which the intact cells undergo.  An 
amount of hemolysis so slight that the eye cannot detect it may very 
greatly alter the charge of the cells. 
Whether  acid-treated  erythrocytes,  freed  from  traces  of  hemo- 
globin, behave differently from fresh erythrocytes could not be demon- 
strated clearly.  Experimental results obtained were conflicting; this 
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FIa. 3. The velocity of rabbit erythrocytes in salt solutions  of different  concen- 
trations.  A, potassium hydrogen phthalate at pH 3.6.  B, potassium lactate at 
pH 4.7.  C, potassium phthalate at pH 4.7.  D, potassium phosphate at pH 6.6. 
was probably due to the fact that acid treatment increases the fragility 
of  the  cells,  and  any  manipulation hemolyzes  some  of  them:  the 
hemoglobin effect then obscures everything else. 
As was stated before,  the isoelectric points of sheep, human, and 
rabbit  erythrocytes were  found to lie  at  pH  3.2,  3.5,  and 4.0,  re- 
spectively, in the 0.01  ~ phthalate buffers.  When it is recalled that 
Coulter (1920-21)  found sheep erythrocytes in salt-free suspensions 
to  be isoelectric at  pH  4.65,  an  explanation of  these  observations 
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Coulter's work was repeated using, however, the microcataphoresis 
apparatus instead of the apparatus used by him.  It was found that 
human and rabbit,  as well as sheep erythrocytes were isoelectfic at 
about pH 4.7, both in the absence of salt and in various concentrations 
of potassium lactate.  Yet in phthalate buffer at this pH, the eryth- 
rocytes  have  a  considerable  negative  charge,  which is  manifest 
N 
even in a salt concentration of 3,~  (Fig. 3). 
The reason for this difference lies in the fact that the phthalate 
buffer at this pH contains a large  proportion of divalent anions while 
the  cations  are  monovalent.  It  has  been  clearly  shown by  Loeb 
(1922-23)  that  the  action  of  salts  on  the  cataphoretic  potential 
difference of particles in suspension is such that the anion diminishes 
the positive charge, while the cation diminishes the negative charge; 
in the case of salts having both ions monovalent, the isoelectric point 
is not shifted, as the effect of the two ions is equal and opposite.  But 
if the cation is monovalent, and the anion is divalent, the effect of the 
anion prevails over the effect of the cation at the pH of the original 
isoelectric point of the suspension, and the isoelectric point is shifted 
toward  the  acid  side.  Thus Loeb  (1922-23)  found that collodion 
particles covered with egg albumin, originally isoelectric at pH 4.5, 
remained isoelectric in  all  concentrations of NaC1,  but were  made 
M 
electronegative at that pH by low concentrations of Na2SO,;  in  128 
Na2SO~ solution, the particles were isoelectric at pH 4.0, while a con- 
M 
centration of ~  made them isoelectric at pH 3.0.  Fig. 3 shows that 
the same principles apply in the case of erythrocytes.  At pH 4.7, the 
original isoelectric point of the erythrocytes, potassium lactate in all 
concentrations tried, left the potential difference unaltered, while the 
potassium phthalate,  even in low  concentrations, conferred on  the 
cells  a  negative charge.  At pH 3.2  (Fig.  3,  A),  the anions of the 
phthalate solution are monovalent; at this pH, the monovalent anion 
is more effective than the monovalent cation,  and  the result is  an 
increasing  diminution  of  the  positive  charge  with  increasing  salt 
concentration.  This is analogous to the effect of sodium chloride on 
the  charge of  albumin-coated collodion particles on the acid side of ARNOLD  1:I. EGGERTIt  595 
their original isoelectric point  (Loeb,  1922-23).  At pH 6.6  (Fig. 3, 
D), is shown the effect of potassium phosphate; the cation is shown to 
be the effective ion. 
Fig. 4 again shows the effect of salt ions on the charge of erythro- 
cytes.  The salts all have the same equivalent concentration, 0.01  N. 
On  the  acid side  of the isoelectr/c point,  monovalent and  divalent 
cations  have  the  same  effect, while  the  divalent  anion  greatly di- 
minishes or even reverses the positive charge.  At pH 4.7 to 5.1, the 
effect of the divalent anion is still seen; at more alkaline reactions it 
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FIG. 4. The velocity of rabbit erythrocytes in 0.01 N CaCI2, NaCI, and K~SO4 
solutions, and in the absence of salt. 
disappears,  and  equivalent  concentrations of  NaC1  and  K~SO4 are 
equally effective in  depressing  the negative charge.  That  this  de- 
pressing effect of salts on the alkaline side of the isoelectric point is 
due  to  the cation is  shown  by  the increased effect of the divalent 
calcium ion.  It will be noted, however, that  CaC12 in  this concen- 
tration does not shift the isoelectric point to the alkaline side to any 
marked  degree; it  is  interesting  to  note  that  Loeb  (1922-23)  also 
found no  significant  difference between  the  action  of  calcium  and 
sodium ions on albumin-coated collodion particles at their isoelectric 
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SUMMARY. 
1.  Human and sheep erythrocytes, when placed in 0.01  N buffer 
solutions at reactions more acid than pH 5.2, undergo a  progressive 
change in potential, becoming less electronegative or  more  electro- 
positive.  This  change  usually  occurs  within  2  hours  at  ordinary 
room temperatures.  It did not occur when rabbit  erythrocytes were 
used. 
2. This change is due primarily to the liberation of hemoglobin from 
some of the cells. 
3. Hemoglobin, even in very low concentrations, markedly  alters 
the potential of erythrocytes in the more acid reactions.  This is due 
to  a  combination between  the electropositive hemoglobin  and  the 
erythrocytes.  The effect of the hemoglobin is most marked in  the 
more acid solutions; it occurs only on the acid side of the isoelectric 
point of the hemoglobin. 
4.  The isoelectric point of erythrocytes in the absence of salt,  or 
in the presence of salts having both ions monovalent, occurs at pH 
4.7.  This confirms the observations of Coulter (1920-21).  Divalent 
anions shift the isoelectric point to the acid side. 
5.  The effect of salts on the potential of erythrocytes is due to the 
ions of the salts, and is analogous in every way to the effect of salts 
on albumin-coated collodion particles, as discussed by Loeb (1922-23). 
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